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ABSTRACT 

Optically-faint X-ray sources (those with fx/fR> 10) constitute about 20% of X-ray sources in deep 
surveys, and are potentially highly obscured and/or at high redshift. Their faint optical fluxes are 
generally beyond the reach of spectroscopy. For a sample of 20 optically-faint sources in CDFS, we 
compile 0.4-24 /rm photometry, relying heavily on Spitzer. We estimate photometric redshifts for 17 
of these 20 sources. We find that these AGN are optically-faint both because they lie at significantly 
higher redshifts (median z ~ 1.6) than most X-ray-selected AGN, and because their spectra are much 
redder than standard AGN. They have 2-8 keV X-ray luminosities in the Seyfert range, unlike the 
QSO-luminosities of optically-faint AGN found in shallow, wide-held surveys. Their contribution to 
the X-ray Seyfert luminosity function is comparable to that of z > 1 optically-bright AGN. 

Subject headings: galaxies: active—X-rays: galaxies—infrared: galaxies 


1. INTRODUCTION 

Deep X-ray surveys have resolved the X-ray back¬ 
ground into discrete sources, verifying that it is the com¬ 
bined output of obs cured and unobscure d active galactic 
nuclei (AGN) fe.g.. iMoretti et aT]l200,‘lll . The challenge 
now is to establish the redshift, luminosity, and column 
density distributions of these AGN, and the properties 
of their host galaxies, to understand AGN evolution and 
accretion history. About 35% of the X-ray detections in 
1 Ms observations are beyond the reach of spectroscopy. 
They are expected to be more heavily obscured and/or 
at higher redshift than the brighter population. A subset 
of these X-ray sources are much dimmer in the optical, 
relative to their X-ray fluxes, than ordinary AGN, and 
have thus been termed the “optically-faint AGN.” They 
are interesting in two ways. 

First, they are likely to be highly obscured: they lack 
the bright blue continua so prominent in unobscured 
AGN, and their X-ray photon indices indicate more ob¬ 
scuration than in Type 1 AGN. Obscured AGN are ex¬ 
pected to dominate the faint number counts and the 
power in the background above a few keV. 

Second, these optically-faint AGN may lie at high red¬ 
shift. Pre-Chandra X-ray background models predicted 
an AGN redshift dis t ributi on that peaked at z = 1.3- 
1.5 l|Gi11i et a,1.ll1999l l2nnijl . By contrast, the redshift 
distribution of Ghandra-selected AGN found by spec- 
troscopic fo llow-up is much lower, peaking near z 0.7 
lIGillil 1200311 . Models using a post-Chandra luminosity 
funct ion (LF) can acco modate a lower-redshift distribu¬ 
tion llUeda et alJl2003ll . but an alternative possibility is 
that the distribution does peak at higher redshift, but 
significant numbers of high-redshift AGN have been sys¬ 
tematically excluded from the spectroscopic surveys. 

The general properties of optically-faint AGN and 


^ Steward Observatory, University of Arizona, 933 N. Cherry 
Ave., Tucson, AZ 85721 

^ Instituto de Estructura de la Materia, Consejo Superior de In- 
vestigaciones Cientificas, E-28006 Madrid, Spain 

® Harvard—Smithsonian Center for Astrophysics, 60 Garden 
Street, Cambridge, MA, 02138 


simily objects have be en st udied bv lAlexa nder et id] 
(l2f)(rill . lYaTr^r^ and |Koekemoer_et a,lJ 11200411 . 

but without redshift estimation. iZhen^^^Tl l|2flfl4ll used 
optical and near-infrared photometry to obtain photo¬ 
metric redshifts for 99% of the X-ray-selected AGN in 
the GDFS, including most of the optically-faint objects. 
However, such redshifts are extremely difficult to ob¬ 
tain for optically-faint sources, and of unproven reliabil¬ 
ity. We combine optical, near-infrared, and most impor¬ 
tantly, mid-infrared (from Spitzer) photometry to obtain 
independent redshifts. Spitzer is ideally suited to find 
redshifts for these sources: the IRAC bands (at 3.6, 4.5, 
5.8, and 8.0 pm) are well-placed to sample the stellar 
emission of even very high redshift galaxies. Addition¬ 
ally, the rest-frame near infrared (which Spitzer probes 
for z > 1) typically offers the highest contrast to de¬ 
tect the normal stellar population against the AGN light. 
Thus, the IRAG bands have the best chance of revealing 
stellar features that can yield redshift determinations. 

2. THE X-RAY-TO-OPTIGAL FLUX RATIO AND 
SAMPLE SELECTION 

The ratio of optical R-band flux to hard X-ray (usu¬ 
ally 2-10 keV or 2-8 keV) flux, (fx/f^;), can be 
used to classi fy the emission mechanisms of X-ray 
sources fe.g. iM accacar o et all 119881 IGomastri et alJ 
[200^ IBarger et al 11200311 " A value < 0.01 indicates the 
X-ray emission is powered by star formation, while 0.1 < 
U/ffi < 10 indicates that the X-rays arise in an AGN. 
Optically-faint X-ray sources are defined to have fx/fR> 
10, making them poor emitters at optical wavelengths 
given their X-ray fluxes. The fx/ffi ratio is defined in the 
observed frame, and as such is subject to K-corrections. 

In this paper, we use the fx /ffi ratio to select optically- 
faint AGN. The region sampled is the overlap between 
the Chandra Deep Field South 1 Ms Ghandra observa- 
tion ijGiacconi et al J 2 OT)^ lAlexander et al.l20Q3ll an d the 
GOODS ACS optical mosaic llGiavalisco et al.l2 0Ti^ . 
start by choosing objects from the lGiacconi et alJ 11200211 
X-ray catalog that have 2-10 keV band d etections and 
U/ffl: > 10. When IGiacconi et al ] ll2n?il list multiple 
R-band candidate counterparts for an X-ray source, we 
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require they all be optically-faint. If no R-band counter¬ 
part is detected, we require a flux upper limit stringent 
enough to insure fx/ffl> 10. These criteria select 48 
sources. 

We then switch to the lAlexander et ^ ll200,‘lll CDFS 
X-ray catalog, si nce it has smalle r R-to -X-rav positional 
offsets than dqesjGiaccqinetjd^ 200211 catalog (see the 
appendix of lAlexandeT^ a,lJl2nn,4 'l We do this by cross- 
correlating the two X-ray catalogs, requiring hard-band 
detection in both catalogs within 1.6". This drops 9 
sources from t he sample: 3 of the sou rces have no coun¬ 
terpart in the lAlexander et HI (1200,111 catalog, even out 
to 5"; and 6 are 2-8 keV non-detections (but are detected 
in another band) in the lAlexander et al.l (1200.111 catalog, 
and thus are dropped from our sample. The 9 dropped 
sources are fainter than the optically-faint sample, with 
2-8 keV fluxes < 10“^^ erg s“^ cm“^, as compared to the 
median 2-8 keV flux for the 39 optically-faint sources of 
3.6 X 10“^® erg s“^ cm“^. 

All but 6 of the 39 optically-faint sources have 2-8 keV 
and 0.5-2 keV fluxes that agree within 20% between both 
X-ra y catalogs.'^ Sou r ces ar e identified by ID numbers 
from iXlexander et 101 (12001 (abbreviated AID). 

To obtain a sample with high-quality SEDs, we then 
a) choose those sources that lie within the GOODS ACS 
field, which reduces the sample to 25; and b) require 
each source to have at least two photometric detections 
at wavelengths below I /im, which further reduces the 
sample to 20 AGN. We term the resulting sample of 20 
AGN the “complete-SED sample (CSS)”. 

There are two potential sources of biases to this sam¬ 
ple. First, it may be somewhat brighter than the re¬ 
maining optically-faint AGN, due to the requirement 
for multiple-band optical detections. Second, requiring 
A < 1 /rm detections might possibly bias the CSS toward 
low redshifts compared to the full sample of optically- 
faint AGN; we explore this possibility in § O by exam¬ 
ining the redshifts of sources that would be excluded by 
the A < I /im detection requirement. 

3. Spitzer OBSERVATIONS, PHOTOMETRY, AND SEDS 

With Svitzer (fWerner et al.ll2004ll . we obtained IRAC 
(iFazio et al.l200^ measurements of the CDFS with 500 s 
of integration. The images were reduced by the Spitzer 
Science Center using the standar d pipeline. We also ob¬ 
tained MIPS (IRieke et al.l 1200^1 24 /im scan map im¬ 
ages with a total integration time of ~ 1200 s per posi¬ 
tion, nominally composed of 120 individual sightings per 
source. These data were reduced using the i nstrument 
team data analysis to ol (iGo rdon et aLll200,5ll . creating 
the image presented bv iRigbv et al.1 (1200411 . 

We created a database to combine the MIPS and 
IRAC images with the following optical and near- 
infrared i magery: the ACS/HS T bviz images from 
GOODS (iGiavalisco et alJ 1200411 : RIz frames from 
the Las Campanas Infrared Survey (|Ma,r7,ke et al.l 
[113); and the BVRI images release d by the ESO 
Imaging Survey (lArnouts et al.1 1200211: the JK im¬ 
ages from GOODS (IGiavalisco et al.l 1200411 : and 
the JK images from the EIS Deep Infrared Survey at 
eso.org/science/eis/surveys/strategy_EIS-deep_i 
We also added the Chandra images from 

The rest have fluxes in agreement within a factor of two. 



X-ray T 


Fig. 1.— Distribution of X-ray photon index F (defined as 
iiy oc Plotted are the optically-faint CSS AGN (thick 

line); X-ray—selected Type 1 AGN (shaded region); and X-ray- 
selected Type 2 AGN (^ cross -hatched region). Classifications 
are from [Szo^lA^^all 1200411 . Photon index values are from 
IAlexan^e^^am2Q03h we omit sources where F is undetermined 
or is uncertain by more than ±0.5. 


astro.psu.edu/users /niel/hdf/hdf-chandra.html 
(lAlexander et al]l200.3ll . 

For each source, any object detected in the K band 
within 2" of the X-ray position was selected for photom¬ 
etry in all available bands. The source selections were 
reviewed visually, and when necessary, were modified so 
that the same source was photometered in each band. 
The result is closely-sampled, deep photometry from 0.4 
to 8 /im, with additional coverage at 24 /im. 

We now discuss the few sources that have multiple 
K-band components within 2 ", where extra care was 
needed to obtain accurate photometry: 

AID 100: There are four K-band sources (or compo¬ 
nents) within 3" of the X-ray position, with offsets of 
0.1, 1.3, 2.9, and 2.9". These same components are also 
present in the ACS z-band image. We quote photometry 
for the closest (0.1" offset) source. 

AID 218: The K-band counterpart is clearly the source 
located only 0.3" from the X-ray coordinates. However, 
a second source (located 2.1" from the X-ray source, 
and 1.5" from the K-band counterpart) contaminates the 
measured IRAC fluxes in channels 2-4. Therefore, we 
plot these fluxes as upper limits in figure |21 

AID 241: There are two K-band components, one lo¬ 
cated 0.4" away, and a fainter source 1.6" from the X-ray 
position. We photometer the closer source. 

AID 245: There are two K-band components, located 
0.4" and 1.9" from the X-ray position. The measured 
IRAC fluxes are contaminated by contribution from the 
farther component. 

AID 281: There is a K and ACS source 0.3" from the 
X-ray coordinates; it appears to be extended (or double) 
out to 0.7" from the X-ray source. We photometer only 
the closer component of the extended source. 

4. PROPERTIES OF THE COMPLETE SED SAMPLE 
4.1. Spectral Properties 

the distribution of X-ray photon in¬ 
dex r (aefined as fi, oc for the CSS. Unobscured 

AGN generally have F « 2 (and are thus flat in 
whereas obscured AGN generally have F < 1 (and thus 
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obs log X (yLim) obs log X (/Lim) 

10 1 10 1 



Fig. 2.— The sample of complete SEDs. Sources with strong 
stellar features are plotted first, progressing to weaker stellar fea¬ 
tures and finally to sources with power—law SEDs. Wavelengths 
and frequencies are as observed. Fo r illus tration, we overplot 
three templates from IPevriendt et a1.l i1 99^ : M82 with an ad¬ 
ditional E(B-V)=0.2 of reddening (plotted with source AID 159); 
early-type galaxy Virgo 1003 (plotted wit h AID 281); and rapidly 
star-forming galaxy IRAS 05189-2524 from IDevriendt et al.l 119991) 
(plotte d with AID 82). W e also plot the median Type 1 QSO spec¬ 
trum of lElvis et alJ (bottom right) in order to illustrate how 

much redder are the optically-faint AGN. 


4.2. Redshift Techniques and Previously-Estimated 
Redshifts 

There are three published spectroscopic r edshift s for 
CSS sources, measured by iSzokolv et al.l ll2004l) and 
listed in our tabled Of these, AID 230 and 245 have red¬ 
shifts oi z = 1.603 and z = 3.064, respectively. Also, for 
AID 241 there is a published red shift of ^ = 0.679 for an 
optical counterpart 1.6" from theEiaafld^^^DjIlffi^ 
posit ion (which is source number 201b in ISzokoDetall 
l2finl . However, we feel that this is not the most likely 
counterpart to the X-ray source, since there is a closer, 
fainter so urce: Szokoly source 2 01a, located just 0.6 " 
from the [Alexander et al.l ll2003D position. This closer 
source lacks a spectroscopic redshift. 

Since only a few spectroscopic redshifts are available 
for the sample, on e must turn to p hotometric tech- 
niques. Two grou ps. lZheng et alJ ll2004fl and COMBO-17 
l|Wolf et alJl2004D . have estimated photometric redshifts 
for some of the CSS sources. The former group used 10 
photometric bands from 0.3 to 2.1 ^m; the latter group 
used 17 passbands from 0.35 to 0.93 ^m. The redshift es¬ 
timates from these two groups, as applicable to the CSS, 
are compiled in tabled 

Adding IRAC fluxes to photometric redshift meth¬ 
ods should dramatically improve the results, since IRAC 
samples the peak and red side of the stellar emission out 
to high redshift. Several groups are currently search¬ 
ing for the best way to do exactly that—the question is 
not trivial, partly because of the lack of good templates 
over this wide redshif t range . One solution, adopted by 
iPerez-Conzalez et al.l (j2003, is to use empirical tem¬ 
plates compiled from sources in deep fields that have 
spectroscopic redshifts, and then use those templates to 
fit photometric redshifts to other faint sources. Their 
photo-z technique is described in detail in the appendix 
to that paper. 

Unfortunately, for galaxies that host AGN, template¬ 
fitting of any sort (whether the high-resolution templates 
of standard photo- z techniques, or the low-r esolution 
templates used by llPerez-Conzalez et al.ll20d^ i can be 
difficult and potentially unreliable. First of all, each 
source has a differing contribution of host galaxy and 
AGN light. Secondly, some of the high-redshift, red AGN 
have SED shapes that are quite different from the tem¬ 
plates, which are based on lower-redshift, bluer samples. 

Clearly, caution is warranted when resorting to photo¬ 
metric redshifts, since the techniques are unproven when 
applied to sources as extreme as the optically-faint AGN. 
Different techniques of redshift determination should be 
tested against each other for consistency, and the widest 
possible range of templates should be used. 


vli, rises with increasing frequency). The optically-faint 
F distribution appears to be intermediate in obscuration, 
with a significant number of obscured AGN. 

The 0.4-24 /rm spectral energy distributions of the CSS 
are plotted in figure [3 Optical through 24 /rm photom¬ 
etry is reported in tabled X-ray photometry is reported 
in table |3 All but 3-4 of the SEDs show strong stellar 
features—either breaks or the characteristic broad stel¬ 
lar hump peaking near 1.6 /im rest-frame. The remaining 
sources show a red, power-law continuum, with a spec¬ 
tral break between 8 and 24 /im. 


4.3. New Photometric Redshift Estimations 

To estimate redshifts from our 0.4-8 /im data, we 
adopt a different, more conservative approach than sim¬ 
ply adopting the results of a best-template fitting pro¬ 
gram. Our goal is not to find the best or most likely 
redshift, but rather to constrain the redshift range of 
each source with high confidence. 

In our technique, we manually compared the photom- 
etry of each source to a range of SED templates from 
iDevriendt et alJ lll999D . namely the early-type galaxy 
Virgo 1003, spiral galaxies including Virgo 1987, the star- 
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burst galaxy M82, and the ultralumious infrared galaxy 
IRAS 05189-2524. We chose these templates to sample 
a wide range of star formation rate. 

In a few cases, we needed to add extra reddening (a few 
tenths of a magnitude in E(B-V)) to the lDevriendt et'afl 
CM!) templates to match the o ptical fluxes, sinc e these 
sources are much redder than the lDevriendt et ^ lll999ll 
galaxies. (For example, see AID 281 in figure|21). We also 
add varying amounts of dust to make sure our redshift 
results are not highly dependent on the chosen extinc¬ 
tion.® 

For each source, we compare these templates to the 
photometry, and find the redshift range for which any 
template provides a good match to the photometry. For 
example, a source might be fit by the M82 template at 

I < z < 1.3, as well as by the M82 template with added 
extinction at 0.8 < z < 1.1. In this case, we would quote 
the range 0.8 < z < 1.3. 

Our resulting redshift ranges are tabulated in tabled 

Our redshift ranges agree reasonably well with the 
other techniques. In 10 out of 13 cas es, our redshifts 
agree with those of iZheng etal 1 ll200l. We q uote red- 
shifts for four sources where Izheriger'^ l|2nn4|i did not, 
and they quote redshifts for two power-law objects where 
we do not. COMBO-17 lists three redshifts for CSS 
sources; we can estimate redshifts for two, and agree in 
one case. Three CSS sources have spectroscopic red¬ 
shifts; our photo-zs agree in two cases (AID 166 and 
230), and strongly disagree in one case (AID 245, with 
Zspec = 3.064, for which we securely find z=l.l-1.4). 

Thus, 12 CSS sources (57%) have redshifts con¬ 
firmed by t wo different techniq ues (COMBO-17 and our 
method, or iZheng et al.1 ll2004ll and our method). Also, 
five additional CSS sources have single-source redshift 
estimates at high confidence (four from our technique, 
and one from iSzokolv et all l|2004|i .'l Thus, 17/20 CSS 
sources (85%) have useful redshift information. 

We can also test the agreement between our red¬ 
shift estimates and those found using the e mpiric al tem¬ 
plate technique of iPerez-Conzalez, et al.l 1)20051) . For 

II of the 17 sources with usef ul redshift information, 
the lPerez-Gonzalez et al.l ll2005^ photo-z falls within the 
quoted redshift range. This is fairly good agreement, 
considering that the empirical template technique has 
not been optimized to deal with AGN SFDs. 

One notable problem with the photometric redshifts 
is the c ase of AID 245. It ’s spectroscopic redshift of 
z=3.065 llSzokolv et al.l20d^ . based on two narrow emis¬ 
sion lines, appears to be solid. However, we have esti¬ 
mated its redshift as 1.0-1.3. The photometry is well- 
measured, so why is the photometric method in such dis¬ 
agreement with the spectroscopic redshift? 

We inferred a redshift of z ^ 1 for AID 245 based on 
the apparent stellar hump from Xobs = 1-6-6 /rm, with 
peak at ^ 3 /rm. Such a spectral shape is not consistent 
with any stellar template at z ~ 3 (which should peak in 
emission at Xobs ~ 6.5 /rm. Clearly, the problem is not 
with the template-fitting, but with the photometry. 

Close examination of the images indicates that the 

® We do not bother to add this absorbed UV and optical energy 
back to the templates as re-emitted infrared light, since it would 
only contaminate the longest, non-stellar wavelengths which are 
not important in stellar feature fitting. 


IRAC photometry of AID 245 is contaminated by a 
neighboring source. Thus, the photometry is probably 
a composite of two sources, which together simulate a 
stellar hump at z ^ 1. This could explain why the hump 
appears narrower (and rises more quickly from J to K- 
band) than stellar templates. 

Thus, it appears that the redshift discrepancy for 
AID 245 results from a perverse case of source blend¬ 
ing, in that the composite SFD looks stellar (but at a 
fictitious redshift) rather than obviously composite. In 
section §|21 we looked for evidence of other blending prob¬ 
lems, and found that cases like AID 245 are rare in the 
CSS sample. 

4.4. The Redshift Distribution of the Optically-Faint 
CSS AGN 

We now consider the redshifts of the 17/20 CSS sources 
with useful redshift information. When a spectroscopic 
redshift has been published, we use it; otherwise, we u se 
the redshift ranges found using our technique in a 

Almost all (14/17) of the CSS AGN lie at z > 1, and 
at least 25% lie at z > 2. By contrast, of the 99 reliable® 
spectrosco pic redshifts availabl e for X-ray-selected AGN 
in CDFS llSzokolv et al.1120?)^ . only 42% lie at z > 1; 
only 17% lie at z > 2. Thus, the optically-faint X-ray 
sources lie at higher redshift than other X-ray-selected 
AGN, although their redshifts are typical of the optical 
QSO population. 

Since the redshift distribution of optically-bright AGN 
in CDFS is strongly influenced by large-scale structure 
(two redshift spikes at z = 0.67 4 and 0.734) . we now com¬ 
pare with several other fields. iGillil 1I200I has compiled 
the redshift distribution of X-ray-selected sources with 
f 2 -iofcey > 5 X 10“^® erg s“^ cm“^ in CDFS, CDFN, 
Lockman Hole, Lynx field, and SSA13. After excluding 
large scale structures from CDFN and CDFS, 49% of the 
sources lie at z > 1, and 14% lie at z > 2. This distribu¬ 
tion, too, lacks high-redshift objects compared with our 
results for the optically-faint AGN. 

4.5. The Luminosity Function of Optically-Faint AGN 

We now compute the rest-frame 2-8 keV luminosity 
function of op tically-faint AGN. We use the standar d 
Vmaa: method llSchmidtlll968t iHuchra fc Sargentlll973D . 
and do not correct for incompleteness.^ We assume 
Tim = 0.27, Da = 0.73, Flo = 72. Because the X-ray sen¬ 
sitivity varies strongly over the field, we calculate Nmax 
for each source by summing the volume contribution from 
each Chandra pixel in the GOODS ACS field. The 5cr 
li miting flux in each p ixel was calculated by the method 
ofjMuno_et_^y_j200^ using the CDFS exposure map 
() A lexande^^^T].1120031) and an analytic approximation 
of the Chandra PSF®. 

Figure 0 plots the resulting LF, based on the red¬ 
shift constraints given in tabled (using the spectroscopic 
redshift if available, and otherwise our redshift range 
found in tl4.3l ) Within the GOODS ACS field, there 
are 27 optically-faint sources with high-confidence hard- 
ban d detections (detected by both I Alexander et alJl2003l 
and iGiacconi et ^12002)) : of these, we found redshift 

® “Reliable” in this context means a quality flag Q > 2. 

^ since we do not know the intrinsic V/Vmax distribution. 

® http://cxc.harvard.edu/chandra-users/0195.html 
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Fig. 3. — The rest-frame 2-8 keV AGN luminosity function. 
Filled circles show the optically—faint AGN LF, computed using 
the 17 GSS AGN with constrained redshifts. We compute this LF 
twice, once using the lowest permitted redshift for each source, 
and again using the highest redshift. The L F has been corrected 
for known AGN lacking redshifts (see §ll!3; we do not otherwise 
correct for incompleteness. For comparison, we plot the 0.1 < 
z < 1 LF (red sol id line) for AGN with spectroscopic redshifts 
iSteffen et al.ll20Q3ll . We also c ompute the LF for those 1 < z < A 
AGN in the GOODS field with lSTiokolv et a]. 1 120041^ redshifts (red 
triangles). 


information for 17. Therefore, we have multiplied the 
optically-faint AGN LF found for the 17 sources by 27/17 
(which assumes the redshift distributions are similar.) 

For comparison, we plot the spectroscopically- 
determined rest-frame 2 -8 keV LF for X-r ay-selected 
AGN from 0.1 < z < 1.0 l|Steffen et al.ll200^ . Two gen¬ 
eral conclusions are apparent. First, the optically-faint 
AGN are not terribly luminous—most have logL^ ~ 
42.5-44 erg s“^. Thus, we sample lower luminosities 
than the optically -faint QSOs discovered in shallow . 
wide-held surveys , llFiore et al.l200,‘f iMignoli et al.l20C3: 
iBrusa et~n ]l200l as expected given the survey sensitiv¬ 
ities. Second, the number density of the optically-faint 
AGN in GDFS is comparable to that of 1 < z < 4 AGN 
that have been identihed by optical spectroscopy. There¬ 
fore, optically-faint AGN boost the high-redshift tail of 
the X-ray-selected AGN redshift distribution, but only 
by a factor of ~ 2. 

Thus, we hnd that the optically-faint sources have 
moderate redshifts (1 < z < 3) and Seyfert luminosi¬ 
ties (log lj 2 -s,kev < 44 erg s“^), rather than higher red¬ 
shifts and QSO luminosities. As such, they are not ex¬ 
pected to contribute strongly to the X-ray background, 
as compared to z < 1 Seyferts a nd z > 2 Q S Os (s ee 
for example hgures 16 and 17 of lUeda et all ll2003M . 
Several techniques are presently being tested to iden- 
tify additional high-obscura tion AGN (for example, se e 
lAlonso-Hererro et al.l ll2005ll and iDonlev et al.1 ll200,5ll . 
When results from such studies are available, it will 
be valuable to determine the overlap between selection 
methods, calculate the discovered sources’ contribution 
to the X-ray background (as well as the contribution from 
the optically-faint AGN), and re-evaluate what fraction 
of the obscured AGN have been identified. 


5. OTHER OPTICALLY-FAINT SOURCES 

Some sources, especially at high redshift, may be too 
faint to be identified by our fx/ffl dux criterion. Further, 
absorption from the Lyman a forest will suppress the R- 
band flux for z > 4. 

Therefore, we examine the most extreme optically 
faint cases: X-ray detections that are undetected 
even in extremel y deep z’ > 28 imaging with HST. 
iKoekemoer et all (1200411 have identified seven such 
sources in the CDFS/GOODS field, and suggested they 
may lie at z > 6 or be very dusty. To test the nature 
of these AGN, we have co mbined the Syitzer band s with 
the GOODS photometry (IKoekemoer et al.1 (1200411 1. We 
find several source categories: 1.) Source K4 is an X-ray 
detection, but an otherwise blank field—lacking an op¬ 
tical, near-infrared, or Spitzer counterpart; 2.) Sources 
K1 and K6 have power-law SEDs; and 3.) Sources K2, 
K3, and K7 have stellar-featured SEDs, with nominal 
photometric redshifts of z ^ 3, z ~ 2, and 2 < z < 6 re¬ 
spectively. Source K5 is intermediate between these last 
two categories. 

A number of optically-faint sources outside the CSS 
have steep power-law SEDs: AID 4, 42, 45, 64, 79, 92, 
and 283. They may be related to the optically-faint, 
power-l aw members o f the fl at spectrum 1 Jy (at 5 GHz) 
sample (iStickel et al.1 (1199611 1. The faint 1 Jy power-law 
sources have spectral indices a > —2.5 (with a defined 
as fy oc v°^). The spectral indices of our objects are listed 
in tabled they are generally i n agreement with the limit 
derived bv iStickel et alJ (1199611 for the radio sample. The 
steep power law sources comprise only about 2% of the 
flat spectrum 1 Jy sample; their incidence in the CDFS 
appears to be as high or higher. 


6. CONCLUSIONS 

We report reliable (e.g. confirmed by independent 
methods) photometric redshifts for a representative sam¬ 
ple of optically-faint X-ray sources in the CDFS. We find 
that they have higher redshifts (z > 1) than most X-ray- 
selected AGN, but only ~ 30% lie at z > 2. Thus, they 
populate the redshifts where optical QSOs are most nu¬ 
merous. Their 0.4-24 /rm SEDs are intrinsically redder 
than typical AGN, and notably lack bright blue contin- 
uua. Their X-ray spectra indicate significant absorption. 
Their X-ray luminosities are modest (log La, ~ 42.5-44 
erg s“^), and they boost the high-redshift tail of the 
X-ray-selected AGN distribution by a factor of 2. 


This work is based in part on observations made with 
Spitzer, which is operated by the Jet Propulsion Labo¬ 
ratory, California Institute of Technology under NASA 
contract 1407. Support for this work was provided 
by NASA through Contract Number 960785 issued by 
JPL/Caltech. 
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TABLE 1 

Multi-band Photometry and Redshifts for the Optically-Faint AGN Sample. 


AID/XID 

optical 

Ks 

3.6 fim 

4.5 fim 

5.7 /im 

8.0 fim 

24 fim 

a 

Lit. redshift 

Our redshift 

50/227 

R= 0.24 ± 0.08 

4.7 ±2 

12 ± 1 

12 ± 1 

12.4 ±2 

23.0 ±3 

180 ± 55 

-2.3 

2.18 (1.78-2.54)1 

2.8-3.5 

62/64 

R= 0.76 ± 0.07 

1.39 ±0.03 

8.9 ±0.9 

9± 1 

17 ±2 

17 ± 2.4 

49 ± 30 

-0.88 

1.27 ±0.22 


82/58 

z= 0.26 ± 0.01 


7.2 ±0.7 

9±1 

1.3 ±2 

15 ±2 

141 ± 28 

-2.0 

0.92 (0.58-1.22)1 

1.8-3.8 

100/82 

i= 0.65 ± 0.3 

6.7±3 

15 ± 1.4 

18 ± 1.7 

11 ± 2 

20 ±3.0 

< 98 


1.89 (1.69-2.05)1 

1.1-1.8 

116/205 

i= 0.15 ± 0.01 

3.1 ±0.6 

6.6 ±0.7 

7.3 ±0.8 


16 ±2 

< 86 

-2.3 

1.56 (1.31-2.3) 1 

1.3-1.5 

159/48 

R= 0.46 ± 0.03 

8.5 ± 1.5 

17 ±2 

11.6± 1 

10.1 ± 2 

9.6 ±2 

< 86 


1.26 (1.03-1.49)1 

0.7-1.1 

166/45 

R= 0.11 ± 0.07 

6.0 ± 1.4 

14 ± 1 

21.8 ±2 

53.9 ±5 

125 ± 12 

480 ± 45 

-2.6 

2.29 (2.14-2.60)3 

1.0-2.5 

201/515 

R= 0.13 ± 0.09 

1.4 ± 1.1 

2.8 ±0.4 

4.2 ±0.5 

2.2 ± 1.5 

8.2 ±2 

75 ± 30 

-2.1 

2.19 (2.15-2.45)1 

1.3-4.8 

206/265 

i= 0.29 ± 0.01 

3.6 ±0.2 

5.9 ±0.6 

6.7 ±0.7 


14 ± 2 

< 86 


1.16 (1.02-1.32)1 

1.0-1.4 

211/35 

R= 0.39 ± 0.02 

19 ± 0.4 

44 ±4 

39 ±4 

27 ±3 

30 ±3 

140 ± 35 


1.14 ± 0.142 

0.9-1.4 

218/148 

i= 0.064 ± 0.005 

2.1 ±0.3 

1.8 ±0.3 

< 1.2 


< 1.9 

112 ±27 


1.74 (1.50-2.02)1 


230/31 

R= 0.55 ± 0.03 

18.8 ±3 

47 ±4 

66. ±6 

100 ±9 

217 ±20 

1008 ± 62 


l.OOO'i; l.l±0.l2 

1.5-2.0 

233/79 

z= 0.097 ±0.01 

3.1 ±0.6 

7.4 ±0.7 

6.7 ±0.7 

19 ± 2 

26 ±3 

65 ± 22 

-1.8 

1.91 (1.77-1.97)1 

1.0-2.5 

241/201 

i= 0.098 ± 0.007 

1.6 ± 1 

2.7 ±0.3 

3.0 ±0.4 

2.6 ± 1.5 

1.4 ± 1.4 

< 86 

-0.90 

0.679'!=^; 0.14, 1.02 

1.5-2.2 

245/27 

i= 0.47 ± 0.02 

8.0 ± 1.3 

< 14 

< 12.6 

< 12 

< 20 

155 ± 28 

-2.0 

3.064-1 

1.0-1.4 

247/25 

i= 0.21 ± 0.01 

8.4 ±0.1 

16.5 ±2 

16 ± 1.5 

34 ±4 

82 ±8 

660 ± 50 

-2.4 

2.26 (1.89-2.58)1 

1.7-4.7 

268/147 

i= 0.41 ± 0.01 

4.4 ± 1 

6.8 ±0.7 

6.3 ±0.7 

8.1 ± 2 

15 ±2 

90 ±23 

-2.0 

0.99 (0.79-1.21)1 

0 .8-1.1 

272/146 

i= 0.12 ± 0.01 

3.9 ±0.2 

6.2 ±0.6 

5.0 ±0.6 

12 ± 2 

14 ± 2 

< 86 

-2.5 

2.67 (2.47-2.85)1 

2.4-3.4 

281/159 

R= 1.7 ±0.08 

14.6 ± 1.5 

12 ± 1 

9.9 ± 1 

11 ± 2 

27 ±3 

200 ± 36 


3.30 (3.04-3.62)1 

0 .2-0.6 

315/506 

i= 1.0 ±0.1 


260 ±115 

210 ± 100 

360 ± 150 

100 ± 100 

140 ± 60 

-2.9 

3.69 (3.12-4.19)1 



Note. — Column 1: AID/XID are the source identification numbers in theand nrm> catalogs, respectively. Column 2 is optical flux density: 

we quote R-band when available, then i, then z. Columns 2—8: optical, Ks, IRAC, and MIPS flux densities are all listed in ^Jy. Column 9; the 0.4—8 Aim spectral index a. is defined 
in the text. Column 10; “Lit. Redshift” is the source redshift found in the literature. Column 11: “Our Redshift” is the redshift found using our techniques, as described in the text. 
REFERE NCES— [1] Photomet ric redshift using BPZ and HyperZ, from [2] Photometric redshift from Combo-17 ; [3] Redshift from single-line 

spectrum |5zo1coTye^^tr ppn^ and HyperZ, from^^^^^^^^^^ [4] Spectroscopic redshift from^^^^^^^^^^^J 

^Reshift is for optical source 201b listed by. We suspect the true optical counterpart is Szokoly 201a, which lacks a spec, redshift. 


TABLE 2 

X-RAY Photometry for the Optically-Faint AGN Sample. 


AID/XID 

offset 

0.5—2 keV flux 

2-8 keV flux 

X-ray P 

50/227 

0.4 

1.2 ± 0.4 

36.2 ± 5.2 

—0 43+0'^l 

62/64 

0.2 

21.7 ± 1.2 

55.2 ±4.7 

1.36 ±0.09 

82/58 

0.2 

7.1 ± 0.7 

19.6 ± 3.1 

-L-oU_o.i6 

100/82 

0.4 

2.4 ± 0.4 

15.1 ± 2.8 

0 71+0-24 

O'- ‘ ^-0.22 

116/205 

0.3 

1.5 ± 0.5 

14.4 ±4.1 

0 41+0-41 

159/48 

0.9 

9.1 ± 0.9 

48.6 ± 5.4 

0.83 ±0.13 

166/45 

0.4 

10.9 ± 0.9 

49.4 ±4.9 

u.y^_o 11 

201/515 

0.3 

0.9 ± 0.3 

15.1 ± 3.0 

^•0^-0.31 

206/265 

0.5 

2.2 ± 0.5 

40.8 ±5.8 

-0.08 ±0.25 

211/35 

0.9 

40.8 ± 6.4 

142.0 ±35 

1 1 q+U.ltJS 

-‘-•-‘-'^-0.24 

218/148 

0.5 

3.9 ±0.5 

28.5 ± 3.8 

0 61 +0-18 
U-D1_0.17 

230/31 

0.3 

59.7 ± 1.9 

87.8 ± 5.2 

1.75 ±0.06 

233/79 

0.2 

8.8 ±0.9 

15.5 ± 2.8 

i-o^_0.i8 

241/201 

0.3 

4.6 ±0.6 

21.4 ±3.4 

0 93+0-10 

u.yo_o ig 

245/27 

0.3 

7.5 ±0.7 

70.6 ± 5.6 

0.42 ± 0.11 

247/25 

1.0 

5.4 ±0.7 

93.4 ±7.9 

-0.02 ± 0.14 

268/147 

0.1 

1.9 ±0.4 

72.6 ± 7.0 

-0.61 ± 0.22 

272/146 

1.1 

4.6 ±0.6 

25.5 ±4.0 

O-S+als 

281/159 

0.7 

24.0 ± 1.3 

75.3 ± 5.7 

1.21 ±0.08 

315/506 

0.7 

6.9 ±0.9 

9.3 ±3.7 

T nT+0.45 

^•°^-0.33 


Note. — Column 1: AID/XID are the source identification numbers in the 
^^^2) and E catalog s, respectively. Column 2: 

“Offset” is the offset (in ") between •sn roai 

|5nn3) X-ray coordinates. Column 3—4; X-ray fluxes are quoted 
|5nn3), and have units of 10 erg s ^ cm ^ 
r is defined in the text. 


Column 5: The X-ray photon index 
































